Abstract. Melanosomes and premelanosomes are lysosome-related organelles with a unique structure and cohort of resident proteins. We have positioned these organelles relative to endosomes and lysosomes in pigmented melanoma cells and melanocytes. Melanosome resident proteins Pmel17 and TRP1 localized to separate vesicular structures that were distinct from those enriched in lysosomal proteins. In immunogoldlabeled ultrathin cryosections, Pmel17 was most enriched along the intralumenal striations of premelanosomes. Increased pigmentation was accompanied by a decrease in Pmel17 and by an increase in TRP1 in the limiting membrane. Both proteins were largely excluded from lysosomal compartments enriched in LAMP1 and cathepsin D. By kinetic analysis of fluid phase uptake and immunogold labeling, premelanosomal proteins segregated from endocytic markers within an unusual endosomal compartment. This compartment contained Pmel17, was accessed by BSA-gold after 15 min, was acidic, and displayed a cytoplasmic planar coat that contained clathrin. Our results indicate that premelanosomes and melanosomes represent a distinct lineage of organelles, separable from conventional endosomes and lysosomes within pigmented cells. Furthermore, they implicate an unusual clathrin-coated endosomal compartment as a site from which proteins destined for premelanosomes and lysosomes are sorted.
Introduction
Biosynthesis of melanins, the major pigments synthesized by mammals, is sequestered within unique membraneenclosed structures of melanocytes and retinal pigment epithelial cells (RPEs) 1 called melanosomes. Melanosomes and their precursors can be classified into four stages of development based on morphology (Seiji et al., 1963a) . Early stages, or premelanosomes, lack melanin and consist of vesicular structures with internal membranes (stage I) or characteristic, elongated structures with internal striations of unknown composition (stage II). As it is synthesized, polymerized melanins accumulate on the striations, resulting in their thickening and blackening (stage III) until melanin fills the entire melanosome (stage IV). Consistent with their singular structure and function, melanosomes contain specific resident proteins that are expressed only in cells of the melanocytic and RPE lineage (King et al., 1995) . Most of those characterized are integral membrane proteins, such as tyrosinase, tyrosine-related protein 1 (TRP1; gp75, Brown locus protein), and Pmel17 (gp100, Silver locus protein).
The singular nature of melanosomes and their limited expression in melanocytes and RPEs pose a challenge for organellogenesis. To form the melanosome, these cells must have either modified a ubiquitous organelle or developed a novel mechanism for sorting specific resident proteins from ubiquitous organelles. Observations from early immunocytochemical and subcellular fractionation studies suggest common features for melanosomes and late endosomes/lysosomes. These include the presence of internal vesicles like those in multivesicular bodies (Turner et al., 1975; Jimbow et al., 1979) , lysosomal hydrolases and integral membrane proteins, apparent fusion with phagocytosed particles, and an acidic pH (for review see Orlow, 1995) . If this is true, melanosomes could merely be modified lysosomes and no specialized protein sorting pathways need to be invoked to generate them. That sorting pathways for lysosomal and melanosomal proteins are similar is supported by the presence of tyrosinase activity in TGN-associated clathrin-coated vesicles in melanocytes 810 (Novikoff et al., 1968; Maul and Brumbaugh, 1971) and by the localization of tyrosinase and TRP1 to late endosomes and lysosomes in transfected nonpigmented cells (Bouchard et al., 1989; Vijayasaradhi et al., 1995; Calvo et al., 1999; Simmen et al., 1999) .
Other observations suggest that melanosomes are distinct from lysosomes. Although acid phosphatase activity can be detected histochemically in melanosomes of some melanoma cells, nonmelanosomal structures similar to lysosomes contain higher activity (Seiji and Kikuchi, 1969) , and activity is absent from melanosomes and premelanosomes of untransformed skin melanocytes (Boissy et al., 1987) . If melanosomes and lysosomes coexist within melanocytes, then their segregation must be maintained by specialized protein sorting pathways. In support of this view, sorting signals within the tyrosinase cytoplasmic domain have distinct properties from lysosomal sorting signals in nonpigmented cells (Calvo et al., 1999) and can mediate partial localization to synaptic vesicle-like vesicles in PC12 cells (Blagoveshchenskaya et al., 1999) . Such a distinction in nonmelanogenic cells may reflect the use of conserved recognition mechanisms to mediate unique sorting activities in melanocytes, similar to the use of conserved recognition elements by polarized cells to differentially sort proteins to apical and basolateral surfaces (Yoshimori et al., 1996; Wilson and Colton, 1997) . Further support for a distinct melanosomal sorting pathway comes from patients with Hermansky-Pudlak syndrome (HPS). These patients have primary defects in specialized cell types such as melanocytes and megakaryocytes/platelets, suggesting specificity in biogenesis of lysosome-related organelles (Shotelersuk and Gahl, 1998; Dell'Angelica et al., 2000b) . Finally, the development of melanosomes in distinct stages indicates that still uncharacterized sorting steps must exist to ensure the stepwise development of a mature melanosome.
Here, we have morphologically characterized the localization and movement of melanosomal proteins through the endosomal pathway of highly pigmented melanocytic cells. Our data suggest the existence of unique sorting pathways permitting the biogenesis of melanosomal compartments in these cells and of unique mechanisms to maintain compartment identity within the endosomal pathway.
Materials and Methods

Cell Lines and Cell Culture
MNT-1 cells (gift of V. Hearing, National Cancer Institute, National Institutes of Health, Bethesda, MD) were maintained in DME containing 10% AIM-V medium (Life Technologies), 20% FBS, nonessential amino acids, sodium pyruvate, and antibiotics. Primary melanocytes (gift of M. Herlyn, Wistar Institute, Philadelphia, PA) were maintained for up to 10 passages in MCDB-131 medium containing 2% FBS, 10% chelated FBS, 0.44 nM basic FGF, 100 nM endothelin-3, 10 ng/ml human stem cell factor, 20 pM cholera toxin, antibiotics, and fungizone.
Antibodies, Endocytic Tracers, and Electron Dense Probes
We used the following primary antibodies: TA99 (Mel-5), mouse anti-TRP1 mAb (American Type Culture Collection; Thomson et al., 1985) ; HMB50, mouse anti-Pmel17 mAb (gift of C. Figdor, University Hospital, Nijmegen, The Netherlands; Thomson and MacKie, 1989) ; HMB45, mouse anti-Pmel17 mAb (ENZO Diagnostics; Thomson and MacKie, 1989) ; ␣ PEP13h, affinity-purified rabbit antiserum to the Pmel17 cytoplasmic domain; anti-EEA1, rabbit antiserum to EEA1 (gift of M. Clague, University of Liverpool, UK; Mills et al., 1998) ; anti-LAMP1, mouse mAb (PharMingen); 100-3, mouse anti-␥ -adaptin mAb (Sigma-Aldrich; Ahle et al., 1988) ; anticlathrin, mouse mAb (Transduction Laboratories). Rabbit polyclonal antisera to FITC and DNP were from Molecular Probes. Rabbit antimouse IgG was from Dakopatt. Iron-loaded human FITC-conjugated transferrin (Tf-FITC) was from Molecular Probes. BSA conjugated to 5-nm gold particles (BSAG) and protein A gold conjugates were purchased from J.W. Slot (Utrecht Medical School, Utrecht, The Netherlands).
Conventional Electron Microscopy
MNT-1 cells were fixed with a mixture of 2% (wt/vol) paraformaldehyde, 1% (wt/vol) glutaraldehyde in 0.2 M phosphate buffer (PB), pH 7.4, postfixed with 1% (wt/vol) OsO 4 supplemented with 1.5% (wt/vol) ferrocyanide, dehydrated in ethanol, and embedded in epon. Ultrathin sections were prepared with a Reichert UltracutS ultramicrotome (Leica) and viewed with a TEM CM120 Philips electron microscope after counterstaining with uranyl acetate and lead citrate.
Ultracryomicrotomy and Immunogold Labeling
MNT-1 cells or primary melanocytes were fixed with 2% (wt/vol) paraformaldehyde or with a mixture of 2% (wt/vol) paraformaldehyde and 0.2% (wt/vol) glutaraldehyde in 60 mM Pipes, 25 mM Hepes, 2 mM MgCl 2 , 10 mM EGTA, pH 6.9, or in PB. Cell pellets were washed with PB, embedded in 10% (wt/vol) gelatin and infused in 2.3 M sucrose (Raposo et al., 1997) . Mounted gelatin blocks were frozen in liquid nitrogen and ultrathin sections were prepared with an Ultracut FCS ultracryomicrotome (Leica). Ultrathin cryosections were collected with 2% (vol/vol) methylcellulose, 2.3 M sucrose (Liou et al., 1996) and single, double, or triple immunogold labeled with antibodies and protein A coupled to 5, 10, or 15 nm gold (protein A-gold [PAG] 5, PAG 10, and PAG 15).
Quantitation of Immunogold Labeling
Relative quantitation of the distribution of Pmel17 and TRP1, Pmel17 and EEA1, or Pmel17, TRP1, and LAMP1 was performed on double or triple immunogold-labeled cryosections by counting the number of gold particles labeling each protein in each of the defined compartments taken randomly in 30 cell profiles. Melanosome stages were defined by morphology (see Results), lysosomes were defined by morphology and/or dense labeling for LAMP1, and early endosomes were defined as tubulovesicular structures labeling densely for EEA1. Results are presented as a percentage of the total number of gold particles for each protein in each compartment and represent a mean and standard deviation of two independent experiments.
Uptake of Endocytic Tracers, Antibodies, and DAMP
Uptake of the endocytic tracer BSAG, Tf-FITC, anti-Pmel17 mAbs, and the weak base 3-(2,4-dinitroanilino)-3 Ј -amino-N -methyldipropylamine (DAMP) were performed on living cells before fixation and processing.
Uptake of BSAG. After washing cells with serum-free RPMI-1640, cells were pulsed for 5 min at 37 Њ C with BSAG ( OD 520 nm ϭ 5). Cells were washed with ice-cold medium/5% FBS, and the endocytic tracer was chased for 5, 10, 25, or 115 min. At each time point cells were fixed as indicated above.
Internalization of Tf-FITC. Cells were washed with serum-free medium and starved for 45 min before incubation with Tf-FITC (60 g/ml) continuously for 10 or 20 min. After washing with ice-cold medium, cells were fixed.
Internalization of HMB50. Cells were washed with serum-free medium and incubated for 1 h at 4 Њ C with HMB50 (10 g/ml) diluted in medium/ 5% FBS. After washing with ice-cold medium, cells were incubated at 37 Њ C for 30 min before fixation.
Incubation with DAMP. Cells were washed with serum-free medium and incubated with DAMP (30 M) for 30 min at 37 Њ C. Cells were washed with ice-cold medium and fixed.
Online Supplemental Material
Online supplemental Figure S1 shows the distribution of TRP1 and Pmel17 in MNT-1 cells by immunofluorescence microscopy (IFM). Online supplemental Figure S2 shows the ultrastructural overview of TRP1 and Pmel17 distribution in MNT-1 cells by immunoelectron microscopy (IEM). Online supplemental Figure S3 shows the differential immunola-beling of the Golgi apparatus, coated endosome, and stage II premelanosome with antibodies to the cytoplasmic and lumenal domains of Pmel17. Online supplemental Figure S4 
Results
MNT-1 Cells As a Model for Melanosome Development
First, we set out to establish a model in which melanosome development could be monitored and manipulated. Melanoma cells vary in pigmentation, protein expression, and morphology. Screening of several pigmented human melanoma cell lines revealed that one of these cell lines, MNT-1, harbored melanosomes and premelanosomes that closely resembled those of untransformed melanocytes by ultrastructure (Fig. 1) . These compartments could be classified into the melanosomal stages I-IV, based on morphology and melanin content, that have been defined in primary melanocytes and murine melanoma models (Seiji et al., 1963b) . To facilitate description of these compartments, we refer to stage I and II structures as premelanosomes, and stage III and IV structures as mature melanosomes.
Localization of Pmel17 and TRP1 to Distinct Melanosomal Stages
We next analyzed the distribution of melanosomal integral membrane proteins in pigmented cells. IFM analyses of MNT-1 ( Figure S1 , available at http://www.jcb.org/cgi/ content/full/152/4/809/DC1), and other pigmented melanoma cells and melanocytes (not shown) demonstrated that TRP1 and Pmel17 localized to vesicular structures that only partially overlapped. TRP1 staining was brightest in the cell periphery, whereas vesicles containing Pmel17 were evenly distributed throughout the cell. To correlate these structures with morphologically defined melanosomal stages, we analyzed immunogold-labeled ultrathin cryosections of MNT-1 cells by IEM. The antiPmel17 mAb HMB50 primarily labels the lumenal space of hypopigmented compartments similar to stage II premelanosomes ( Fig. 2 ; see also Figure S2 A, available at http://www.jcb.org/cgi/content/full/152/4/809/DC1). Gold particles detecting HMB50 (Fig. 2 , A-C) or another antiPmel17 mAb, HMB45 (Fig. 2 D) , often line the striations and underlying membrane vesicles in these compartments. Additional electron-lucent vesicular structures are labeled to a lesser extent with these antibodies (Fig.  2 D ; see below), as are Golgi stacks and small vesicles (see below). In contrast, the anti-TRP1 mAb TA99 labels predominantly stage III and IV melanosomes (Fig.  2 , A and B; see also Figure S2 B, available at http:// www.jcb.org/cgi/content/full/152/4/809/DC1), mostly on the limiting membrane but occasionally on internal membranes. Labeling for TRP1 is also observed in Golgi stacks and associated vesicles; in contrast to Pmel17, which is distributed randomly throughout the Golgi apparatus (see below), TRP1 is frequently enriched on the trans side, particularly in tubular structures that are often coated (Fig. 3) . Most of these coated structures are labeled with antibodies to ␥ -adaptin (Fig. 3 , B and C). Tyrosinase is poorly labeled in MNT-1 cells but codistributes with TRP1, predominantly in stage IV melanosomes (not shown). Similar labeling patterns for TRP1 and Pmel17 are observed in other melanoma cells and melanocytes, as exemplified in primary melanocytes from a pigmented nevus (Fig. 2 B) . These results extend previous observations suggesting that Pmel17 is a matrix protein of premelanosomes (Kobayashi et al., 1994; Lee et al., 1996) , whereas TRP1 is a component of mature melanosomes. Although Pmel17 and TRP1 are highly enriched in stage II and IV melanosomes, respectively, both proteins can be detected in all melanosomal stages. Therefore, we quantitated the immunolabeling for Pmel17 and TRP1 in melanosomes of different stages (see Fig. 7 A, bar graph). Pmel17 is first enriched in stage I-like structures, as described in more detail below, and accumulates to a higher extent in stage II premelanosomes. In contrast, TRP1 is almost undetectable in stage I structures, and only a small percentage of labeling is observed in stage II. Although stage III and particularly stage IV melanosomes are densely labeled for TRP1, the levels of detectable Pmel17 strongly decrease in these structures. These observations stress that premelanosomes and mature melanosomes are enriched in different subsets of resident melanogenic proteins, but that they may represent endpoints of a progression involving gradual loss of some components, such as Pmel17, and acquisition of other components, such as TRP1 and tyrosinase.
Relationship of Premelanosomes with the Early Endocytic System
Although most enriched in stage II melanosomes, Pmel17 is also detected in electron-lucent compartments displaying variable amounts of internal membrane vesicles (Fig. 2  D) . These structures correspond to stage I premelanosomes and are reminiscent of multivesicular compartments of the endocytic system (Trowbridge et al., 1993) . Therefore, we investigated the relationship between these structures and endocytic compartments of MNT-1 cells. Double immunogold labeling of ultrathin cryosections of MNT-1 cells reveals that Pmel17 and the early endosomal marker, EEA1 (Mu et al., 1995) , are both present within two types of electron-lucent compartments (Fig. 4, A and B) . Small vesicles and tubules that are strongly labeled for EEA1 are weakly labeled for Pmel17 (Fig. 4 , A and B). These structures likely represent early sorting endosomes, as they were also labeled with Tf-FITC and fluid phase tracers internalized for 10 and 5 min, respectively (see below). Labeling for Pmel17 is more intense in the larger stage I-like structures (Fig. 4, A and B) , which are observed in all pigmented melanoma cell lines and those primary melanocytes analyzed and are distinguished by the presence of a planar cytoplasmic coat on their surface (Fig. 4 B; see below). Among these coated compartments, those with fewer internal membranes are often also labeled for EEA1; however, the labeling for Pmel17 and EEA1 is often segregated (Fig. 4 A) . Those coated compartments with more internal vesicles and the characteristic stage II premelanosomes (containing the bulk of Pmel17) show only sparse labeling for EEA1 (Fig. 4 A) . Quantitation of the immunogold labeling (see Fig. 7 B, bar graph) emphasizes that progressive enrichment for Pmel17 correlates with depletion of EEA1, and suggests that the coated Pmel17-EEA1-positive compartment is an intermediate between early endosomes and stage II premelanosomes. We will refer to this stage I-like compartment as the coated endosome.
To confirm the position of the coated endosome within the endocytic pathway, we examined its accessibility to fluid phase endocytic tracers. MNT-1 cells were pulsed for 5 min with BSAG, and then washed and chased for 5 or 10 min. After 5 min of internalization, BSAG is detected in small vesicles and tubules that label only poorly for Pmel17; these structures correspond to the tubules that are densely labeled for EEA1 (not shown), confirming their identity as early endosomes. Practically no BSAG is detected in the coated endosome at this time. In contrast, after a 10-min chase, the coated endosome is accessed by BSAG (Fig. 4 C, inset) . This timing correlates with the labeling of recycling endosomes in other cells (Gruenberg and Maxfield, 1995) ; indeed, the coated endosome is accessed by Tf-FITC after 20 min, but not 10 min, of internalization (Fig. 4 C) . Although the coated endosome was labeled with markers of the early endocytic pathway, it was poorly labeled for late endosomal proteins, such as cathepsin D and LAMP1 (see below). These results indicate that Pmel17 is first enriched in an early endocytic compartment that is downstream of peripheral tubulovesicular endosomes and accessed by material bound for both late (i.e., BSAG) and recycling (i.e., Tf-FITC) endosomes.
The Coated Endosome Is a Clathrin-coated Intermediate in Premelanosome Formation
Its involvement in the early endocytic pathway and its similarity to stage I premelanosomes suggested that the coated endosome may be an intermediate in melanosome biogenesis and a precursor to stage II premelanosomes. To address this, first, we tested whether Pmel17 accesses endocytic compartments en route to the premelanosome by following the fate of internalized anti-Pmel17 mAb. MNT-1 cells with bound HMB50 at 4 Њ C were washed and incubated for 30 min at 37 Њ C to allow internalization of the Pmel17-bound mAb. Subsequent labeling of ultrathin cryosections with anti-Ig demonstrates that the internalized mAb accumulates in EEA1-positive early endosomal tubules and the coated endosome (Fig. 5 A) . Thus, Pmel17 cycles through the cell surface, early endosomes, and the coated endosome during its lifetime. Also, we compared the intercompartmental and subcompartmental distribution of Pmel17 labeled with two antibodies, HMB45 and ␣ PEP13h, that preferentially recognize different subsets of Pmel17 molecules. ␣ PEP13h labels Pmel17 early in the secretory pathway but not in stage II premelanosomes, whereas HMB45 labels Pmel17 only late in the secretory pathway, including stage II premelanosomes ( Figure S3 , available at http://www.jcb.org/cgi/content/full/152/4/809/ DC1; and data not shown). Importantly, both antibodies label the limiting membrane and internal vesicles of the coated endosome (Fig. 2 D; see also Figure S3 , available at http://www.jcb.org/cgi/content/full/152/4/809/DC1). The simplest explanation for this pattern is that Pmel17 localization to the coated endosome precedes that to the stage II premelanosome.
A striking morphological feature of the coated endosome is a dense coat on one or two flat surfaces. This coat consists of planar lattices, since we observe no budding profiles common to endosomal compartments (Stoorvogel et al., 1996) . The coated regions often show an inward curvature (Fig. 4 , A and C; see also Figure S3 A, available at http://www.jcb.org/cgi/content/full/152/4/809/DC1) and an unusually electron-dense region beneath the coat, reflecting enrichment for peripheral membrane proteins. They are reminiscent of planar clathrin lattices (Maupin and Pollard, 1983; Miller et al., 1991; Robinson et al., 1992 ; is detected in small vesicles (arrowheads) and on the limiting membrane of a compartment that also contains Pmel17 (star). Note that labeling for Pmel17 and EEA1 is segregated (B) EEA1 (PAG 15) is enriched in electron lucent vesicular compartments that are poorly labeled for Pmel17 (PAG 10). Note the unusual morphology of the endosomal compartments containing the bulk of Pmel17 (CE), which are poorly labeled for EEA1 and display on their cytosolic side an electron dense coat (arrowheads). (C) Cryosection of MNT-1 cells exposed to Tf-FITC for 20 min at 37ЊC, labeled with anti-FITC antibodies and PAG 15. Tf-FITC is present in small tubulovesicular structures (arrowheads) and in Pmel17-positive (PAG 10) coated endosomes (CE). (Inset in C) MNT-1 cells pulsed with BSAG for 5 min and chased for 10 min. BSAG (5 nm) at this time point is mainly detected in the Pmel17-positive coated endosome (CE). Pmel17 was labeled with HMB50 and PAG 15. Bars, 100 nm. Prekeris et al., 1999) or "filamentous plaques" (Futter et al., 1996) observed in some cells. Indeed, coated compartments that labeled for internalized BSAG and Pmel17, but not for TRP1, were labeled for clathrin heavy chain (Fig. 5, C and D) and light chain (not shown) in regions overlapping the coat, as were other vesicular structures. This confirms that the planar coat contains clathrin. Finally, upon probing its relative pH, we found that the coated endosome efficiently accumulates the weak base DAMP (Anderson et al., 1984) , indicating that it is an acidic compartment (Fig. 5 B) .
Relationship of Melanosomes to the Late Endocytic Pathway
The identification of coated endosomes/stage I premelanosomes as early endocytic compartments raises the popular possibility that melanosome maturation parallels that of lysosomes. Therefore, we tested whether melanosomes and lysosomes could be distinguished in pigmented cells. By IFM, both Pmel17 and TRP1 accumulate in compartments that are distinct from those enriched in the lysosomal integral membrane protein LAMP1 in MNT-1 cells ( Figure S4 , available at http://www.jcb.org/cgi/content/full/152/4/809/ DC1) and other pigmented melanoma cells and primary melanocytes (not shown). LAMP1-and Pmel17-enriched compartments were distributed throughout the cytoplasm, often in close proximity and distinguished from TRP1-enriched compartments which accumulated in the periphery. Often, TRP1 colocalized with weak staining for LAMP1. These data show that pigmented melanocytic cells contain a nonmelanosomal compartment enriched in a lysosomal integral membrane protein.
To confirm and extend these results, we qualitatively and quantitatively analyzed the distribution of Pmel17 and TRP1 relative to LAMP1 by immunogold labeling and IEM (Fig. 6, A-C) . Labeling for LAMP1 is rarely detected in Pmel17-enriched stage II premelanosomes (Fig. 6 A) , indicating that premelanosomes differ from lysosomes. Consistent with the weak staining by IFM, LAMP1 is present to some extent in the TRP1-enriched stage III and IV compartments (Fig. 6, A-C) . However, the bulk of LAMP1 is observed in TRP1-depleted compartments that contain internal membranes or electron-dense content distinguishable from polymerized melanin (Fig. 6, B and C) . These LAMP1-enriched compartments are morphologically similar to lysosomes (Kornfeld and Mellman, 1989) , are also enriched in the lysosomal hydrolase cathepsin D (not shown), and are highly acidic as determined by DAMP labeling (not shown; see Fig. 8 ). They are occasionally labeled for Pmel17 (Fig 6 B) and rarely for TRP1. Quantitation of these data is shown in Fig 7 C , and em- phasizes that (a) compartments most enriched in LAMP1 are distinct from melanosomes, and (b) the amount of LAMP1, like TRP1, increases during melanosome maturation. Labeling of the lysosomal hydrolase, cathepsin D, largely parallels that of LAMP1 (not shown), indicating that LAMP1 is representative of lysosomal proteins. In addition to differential protein enrichment, stage III and IV melanosomes accumulate DAMP to a lower extent than stage II premelanosomes or morphologically defined lysosomes (Fig. 8, A and B) . Together, these observations demonstrate that although mature melanosomes harbor low levels of lysosomal proteins, they do not correspond to the lysosomal compartment in pigmented melanocytic cells.
Interestingly, small vesicular structures bearing both TRP1 and LAMP1 are often observed in the Golgi area near melanosomes (Fig. 6 A, arrowheads) . Nevertheless, TRP1 is not detected in lysosomes; this is not likely due to degradation within lysosomes, because metabolic pulse- (III/IV) are poorly labeled for LAMP1. LAMP1 is highly enriched in electron-dense compartments distinct from melanosomes (LYS). (C) Ultrathin cryosections of MNT-1 cells were double labeled with mAbs to TRP1 (PAG 10) and LAMP1 (PAG 15). TRP1 is present on the limiting membrane of stage III and IV melanosomes. LAMP1 is also detected in the limiting membrane of the mature melanosomes, but the majority of the labeling is observed in less electrondense lysosomal compartments (LYS). Bars, 100 nm.
chase analyses indicate that TRP1 in these cells is very long lived (not shown). The LAMP1 ϩ dense lysosomes are generally physically very close to compartments enriched in Pmel17 and/or TRP1 (Fig. 6 , B and C), which may facilitate persistent protein sorting between them.
Although the data indicate that melanosomes are not terminal lysosomes, they do not rule out that melanosomes are specialized late endosomes. To define the relationship between melanosomes and the late endocytic pathway, we assessed the accessibility of melanosomes to internalized BSAG at late time points. Similar to the early time points, BSAG could not be detected in melanosomes of any stage even after 25 min or ‫ف‬ 2 h of chase (Fig. 9, A  and B) , which are the known kinetics of internalization of fluid phase tracers into late endosomes and lysosomes in most cells (Gruenberg and Maxfield, 1995) . At these time points, BSAG is clearly visualized in late endosomes and lysosomes that are often closely apposed to melanosomes (Fig. 9 B) . We considered the possibility that melanosomes are stable organelles, and thus that the majority of them do not access the endocytic pathway during the internalization procedure. However, even after 6 h of internalization, when BSAG is primarily detected in lysosomes, no BSAG is detected in mature melanosomes (not shown). These observations suggest that melanosomal organelles have limited access to fluid phase markers, are not primary endocytic organelles, and have diverged from the late endocytic pathway.
Discussion
Melanosomes and lysosomes share common characteristics (Orlow, 1995; Stinchcombe and Griffiths, 1999; Dell'Angelica et al., 2000b) , but the relationship between the different melanosomal stages and endocytic organelles of melanocytes has never been fully defined. Our data show that premelanosomes and melanosomes in highly pigmented melanocytic cells are distinct from conventional endosomal organelles but integrated with the endocytic pathway. The differential enrichment of Pmel17 and TRP1 during progressive development of the premelanosome to the mature melanosome suggests that pigmented melanocytes use multiple sorting processes to deliver resident proteins to melanosomes of different stages. Furthermore, these sorting processes must be distinct from those used to deliver material to the late endosomal-lysosomal pathway, since lysosomal proteins accumulate in nonmelanosomal structures. Finally, endocytic cargo destined for premelanosomal and lysosomal compartments are distinguished within a specialized coated endosome that is positioned downstream of early endosomes. The segregation of the melanosomal system from classical endocytic organelles in melanocytes has important implications for the etiology of pigment-related disorders that also affect lysosomal biogenesis.
Differential Enrichment of Proteins in Premelanosomes and Melanosomes
Our data show that progression through the different stages of melanosomal development is accompanied not only by increased melanin deposition but also by differential enrichment in distinct populations of resident proteins (Fig. 7 A) . This implies that diverse sorting processes govern the steady state localization of proteins to premelanosomes and mature melanosomes. At least two models may account for this phenomenon. In one model, similar to some models of Golgi stack polarity (Rothman and Wieland, 1996) , all melanosomal proteins are delivered to a common entry point, but differential rates of anterograde and retrograde traffic establish a gradient of expression across the organelle system. Although not inconsis- tent with the data, this model does not best explain several observations that support the involvement of discrete transport intermediates in the sorting of premelanosomal and melanosomal proteins. These include (a) the presence of significant levels of Pmel17, but not of TRP1, in early endosomes (Fig. 4 and see below) ; (b) the enrichment of TRP1, but not Pmel17, in trans-Golgi-and TGN-associated vesicles (Figs. 3 and 6) ; and (c) the absence of Pmel17 from coated vesicle fractions that contain TRP1 and tyrosinase (Kobayashi et al., 1994) . Although these observations could be explained by differential kinetics of Pmel17 and TRP1 transport through similar intermediates, we favor a second model in which components of the mature melanosome, such as TRP1, are delivered from the TGN, as initially suggested for tyrosinase (Novikoff et al., 1968; Maul and Brumbaugh, 1971) , once the premelanosome has been established by prior delivery of other components, such as Pmel17, from the endocytic pathway (Fig.  10) . The restriction of Pmel17 from late stage melanosomes by this model could be due to epitope masking upon melanin deposition (Berson, J.F., D. Harper, D. Tenza, G. Raposo, M.S. Marks, manuscript submitted for publication; Kobayashi et al., 1994; Donatien and Orlow, 1995) , degradation in late stage melanosomes, or retrograde transport. More stringent testing will be needed to distinguish between these models.
Relationship of Melanosomes to the Endocytic Pathway
Our data show for the first time a direct link between the premelanosome and early endocytic compartments. This is supported by the presence of a significant fraction of Pmel17 in early and coated endosomes. The coated endosome, structurally equivalent to the stage I premelanosome (Seiji et al., 1963b) , is a post-early endosome precursor to stage II premelanosomes based on (a) the correlation of progressive loss of EEA1 and progressive increase of Pmel17 density from early endosome to coated endosome to stage II premelanosome ( Fig. 7 B) ; (b) the progressive access to BSAG and Tf-FITC from early endosome to coated endosome and the exclusion of these markers from the stage II premelanosome (Figs. 4 and 5) ; and (c) labeling of the early and coated endosomes, but not the stage II premelanosome, by the ␣ PEP13h antibody ( Figure S3 , available at http://www.jcb.org/cgi/content/full/ 152/4/809/DC1). ␣ PEP13h recognizes the cytoplasmic domain of Pmel17, which becomes inaccessible to antibodies in fixed cells only within late endosomal compartments (Berson, J.F., unpublished observation; not shown). Together, these observations suggest that Pmel17 passes through the early endosome and the coated endosome before its localization in the stage II premelanosome (Fig.  10 ) and indicate that premelanosomes derive from the endocytic pathway rather than from "smooth endoplasmic reticulum membranes" as interpreted from early morphological observations (Maul, 1969) .
The colocalization of BSAG and Pmel17 in the coated endosome at early time points and their segregation at later time points (Figs. 4, 5, and 9) suggests that this compartment is a critical sorting point between the endocytic and premelanosomal pathways (Fig. 10) . This sorting may be required for the segregation of proteins required for the morphogenesis and function of specialized endosomal organelles like the melanosome. The segregation from endosomes, rather than from the TGN, may reflect the requirement for acidification through a vacuolar ATPase in organelles such as premelanosomes, as supported by the efficient DAMP accumulation in coated endosomes and stage II premelanosomes (Figs. 5 and 8 ) and the disruption of melanosome biogenesis by inhibitors of the vacuolar ATPase (data not shown). The segregation from endosomes may also reflect a requirement for the formation of multivesicular bodies in the biogenesis of the melanosome, as suggested by several studies (Turner et al., 1975; Jimbow et al., 1979; Berson, J.F., D. Harper, D. Tenza, G. Raposo, M.S. Marks, manuscript submitted for publication).
The flat clathrin-containing lattices of the coated endosome are similar to those observed under some conditions at the cell surface (Maupin and Pollard, 1983; Heuser, 1989; Miller et al., 1991) and on syntaxin 7-positive endosomes (Prekeris et al., 1999) , but are particularly well organized in melanocytic cells. They are distinguished by an electron-dense region between the coat and the membrane. Although we could not detect coat-associated AP1 or AP3 adaptors, the lattices may have interfered with their detection. These specialized lattices likely facilitate sorting of lysosome-and premelanosome-bound cargo, perhaps through adaptors. Since Pmel17 localizes to the lumen of the coated endosome and downstream compartments, we speculate that the coats do not bind to Pmel17. Rather, they may either retain and mask components of the premelanosomal limiting membrane, permitting other cargo to be released to late endosomes and lysosomes, and/ or facilitate the clustering and extraction of proteins bound for these other compartments, permitting concentration of Pmel17 and other melanogenic proteins in a forming premelanosome, as suggested for nascent secretory granules (Arvan and Castle, 1998) and maturing transcytotic vesicles (Gibson et al., 1998) . By analogy to similar structures proposed to participate in fusion at the junction of multivesicular endosomes and lysosomes in HEp-2 cells (Futter et al., 1996) , the coats may also temporally restrict interactions of the forming premelanosome with conventional late endosomes or lysosomes until premelanosome formation is complete before removal of lysosome-bound cargo.
Are all melanosomal proteins sorted through early endosomes? TRP1 can be secreted and detected at the plasma membrane (Xu et al., 1997) , and tyrosinase mediates internalization of surface-bound antibodies (Blagoveshchenskaya et al., 1999; Calvo et al., 1999; Simmen et al., 1999) , suggesting that some of these molecules access the endocytic pathway. Nevertheless, we detected only Figure 10 . Model for protein sorting steps within the endocytic and melanosomal systems in pigmented melanocytic cells. Schematic representation of the endocytic and melanosomal organelles and a working model for the sorting pathways for proteins distributed among them. We propose that Pmel17 (green) is transported to stage II premelanosomes via early endosomes and the stage I premelanosome/coated endosome; transport to the coated endosome may also be direct from the TGN. In contrast, TRP1 (blue) is proposed to be targeted directly from the TGN to a preestablished stage II or III melanosome; continual transport of TRP1 and tyrosinase results in maturation, indicated by broad arrows, of the premelanosome to the stage III and IV melanosome. The deposition of black melanin in these compartments is schematized. Internalized fluid phase markers such as BSAG (violet) are targeted to lysosomes from the coated endosome after passage through early endosomes. LAMP1 (rose) may be sorted to late endosomes/lysosomes directly from the TGN or indirectly via melanosomes; at least a fraction of LAMP1 progresses through this latter pathway. Degree of acidity is indicated by yellow/brown color, with yellow being least acidic and dark brown being most acidic.
Pmel17, and not TRP1, in endocytic compartments. In contrast, TRP1, like LAMP1 but unlike Pmel17, accumulated at the TGN and AP1-coated vesicles (Figs. 3 and 6 ). Although these observations may reflect a limitation of our TRP1-and ␥ -adaptin-specific mAbs or a failure to retain TRP1 within coated endosomes during transport, they are consistent with the notion (Kobayashi et al., 1994 ) that Pmel17 and TRP1 are delivered to melanosomes via different pathways (Fig. 10) . Cell surface and internalized TRP1 and tyrosinase may reflect either a small fraction of missorted molecules or molecules awaiting reinternalization after melanin release.
Melanosomes in Highly Pigmented Melanocytes and Melanomas Are Not Lysosomes
Perhaps our most surprising finding is that melanosomes and lysosomes were not the same in pigmented melanocytic cells. LAMP1 and cathepsin D, although present to a small extent in melanosomes, were largely found at steady state in separate structures with morphological characteristics of lysosomes. These compartments were more acidic than mature melanosomes based on DAMP accumulation, were the destination for internalized BSAG, and contained insignificant levels of TRP1 and tyrosinase and only low levels of Pmel17. Our findings indicate that melanosomes are not merely modified lysosomes, and that sorting mechanisms within pigmented melanocytes distinguish between lysosomal and melanosomal cargo.
Our conclusions contrast with those drawn from several earlier studies (summarized in Orlow, 1995) . However, the data are not necessarily discordant. For example, acid phosphatase, a lysosomal enzyme, was detected histochemically within melanosomes in numerous studies; since these studies used nonquantitative techniques, however, they did not address whether the bulk of activity was present in distinct structures (e.g. , see Seiji and Kikuchi, 1969) , which would be consistent with our data, or whether a melanosome-specific protein possessed acid phosphatase activity. Furthermore, many of these studies analyzed heterogeneous cell populations, and thus the activity detected may have represented phagolysosomes with phagocytosed melanosomes in keratinocytes, macrophages, or even melanocytes (Seiji and Iwashia, 1965) . In other studies, tyrosinase or TRP1 cofractionated with lysosomal enzyme activity by subcellular fractionation (Seiji and Iwashia, 1965; Diment et al., 1995; Orlow et al., 1993) , but the "melanosomal" fractions were not assessed for purity and may have contained late endosomes and/or lysosomes. Future studies will be devoted to biochemical fractionation of the morphologically distinct compartments that we observe by microscopy.
In addition to the considerations above, it is likely that the segregation of melanosomal and lysosomal proteins is regulated by melanocyte differentiation and/or by differences in cell type, tissue of origin, or degree or type of pigmentation. In support of this notion, melanosomal enzymes like tyrosinase and TRP1 localize to late endosomes/lysosomes when expressed in nonpigmented cells (Bouchard et al., 1989; Vijayasaradhi et al., 1995; Calvo et al., 1999; Simmen et al., 1999) . Furthermore, different cohorts of melanosomal proteins are expressed in melanocytes during synthesis of pheomelanins and eumelanins (Kobayashi et al., 1995; Furumura et al., 1998) , and hypopigmented melanoma cells or brown melanocytes seem less efficient at segregating these from lysosomal proteins (Marks, M.S., unpublished data). RPE have morphologically distinct melanosomes (for review see Schraermeyer and Heimann, 1999 ) that may fuse more readily with lysosomes. A developmental difference in lysosome/ melanosome segregation could explain why phagocytosed latex particles could be observed in melanosomes of RPE and choroidal melanocytes (Schraermeyer and Heimann, 1999) , whereas BSAG failed to access premelanosomes or melanosomes in MNT-1 cells after endocytosis (Figs. 4, 5,  and 9 ). These differing results may also, however, be due to differences in the technique. For example, autophagic events or kiss-and-run fusion between melanosomes and lysosomes may permit transfer of material during the long chase times used in many of the earlier studies, consistent with poor preservation of MNT-1 cells after long chase times with BSAG (Raposo, G., unpublished observation; data not shown).
Our data suggest that lysosomal sorting occurs from at least two sites in these cells. One is the coated endosome, from which internalized cargo such as BSAG is sorted to lysosomes (Fig. 10) . LAMP1, however, is not observed in this compartment at steady state, although we cannot rule out its rapid transport through it. Thus, we suspect that LAMP1 is sorted to late endosomes/lysosomes directly from the TGN (Fig. 10 ). LAMP1 and TRP1 likely cosegregate during post-Golgi sorting, since they often colocalize in vesicular structures near the Golgi apparatus or melanosomes, and some LAMP1 is found in melanosomes at steady state (Fig. 6) . Thus, both lysosomal proteins (like LAMP1) and melanosomal proteins (like TRP1) may be targeted from the TGN (or endosomes) to maturing melanosomes, implicating the melanosome as the second site of lysosomal/melanosomal protein sorting. If this were true, then either LAMP1 contains additional information for sorting from melanosomes to lysosomes, or TRP1 contains retention information (Fig. 10) -hypotheses that can be distinguished by analysis of chimeric proteins with distinct lysosomal and melanosomal protein domains. The close proximity that we have observed of lysosomes to melanosomes may facilitate removal of lysosomal components from a maturing melanosome, perhaps by a kissand-run type of mechanism proposed for late endosomelysosome fusion (Luzio et al., 2000) . It is tempting to speculate that HPS1, a protein localized to vesicular structures near the Golgi apparatus and on the membrane of mature melanosomes (Oh et al., 2000) , plays a role in such sorting at the level of the melanosome.
In addition to the differences in accumulated proteins, melanosomes and lysosomes differed in pH. Using DAMP accumulation as an indicator, progression from premelanosomes to mature melanosomes was accompanied by a decrease in acidity (Figs. 5 and 8 ). This alkalization may be driven by the progressive removal of a vacuolar ATPase during melanosome maturation, as proposed above for LAMP1, or by inactivation of a premelanosome-specific proton pump, such as the P transporter (Puri et al., 2000) . A progressive increase in pH might favor higher activity of tyrosinase and other melanogenic enzymes in the low pH environment of early stage melanosomes (Devi et al., 1987) , facilitating generation of melanin, and then lower activity as product accumulates in more mature melanosomal structures. One caveat to our conclusions is that detection of DAMP might be hindered by melanin polymerization or high levels of melanin intermediates in the melanosome. Indeed, melanosomal fractions have a very low pH (Bhatnagar et al., 1993) , although these preparations may also contain lysosomes. Further work will be needed to rectify these conflicting conclusions.
Implications for Lysosomal Transport Diseases
Our data have important implications for the etiology of diseases affecting the morphogenesis and function of melanosomes and lysosomes. Patients with diseases such as Chediak-Higashi syndrome (CHS; Introne et al., 1999) and HPS (Shotelersuk and Gahl, 1998) show primary defects in the function of particular lysosome-related organelles (Dell'Angelica et al., 2000b) , including melanosomes. The products of the genes affected by these diseases, CHS1 ( lyst and beige ) in CHS and HPS1 or AP3 complex subunits in HPS, are thought to influence protein transport routes to lysosomes and lysosome-like compartments (Faigle et al., 1998; Kantheti et al., 1998; Dell'Angelica et al., 1999; Lem et al., 1999; Dell'Angelica et al., 2000a) . Our data now provide multiple sites at which protein sorting contributes to melanosome biogenesis, any one of which could be directly affected by these gene defects. It will be important to analyze the functional effects of HPS-and CHS-related mutations at each sorting step to determine the precise role of CHS-and HPS-related gene products in melanogenesis, to understand their role in the biogenesis of other lysosome-like organelles and to begin to define treatments for these diseases.
